The subsurface recalcitrance of perfluoroalkyl acids (PFAAs) derived from aqueous filmforming foams could have adverse impacts on the microbiological processes used for the bioremediation of comingled chlorinated solvents such as trichloroethene (TCE). Here, we show that reductive dechlorination by a methanogenic, mixed culture was significantly inhibited when exposed to concentrations representative of PFAA source zones (>66 mg/L total of 11 PFAA analytes, 6 mg/L each). TCE dechlorination, cisdichloroethene and vinyl chloride production and dechlorination, and ethene generation were all inhibited at these PFAA concentrations. Phylogenetic analysis revealed that the abundances of 65% of the operational taxonomic units (OTUs) changed significantly when grown in the presence of PFAAs, although repression or enhancement resulting from PFAA exposure did not correlate with putative function or phylogeny. Notably, there was significant repression of Dehalococcoides (8fold decrease in abundance) coupled with a corresponding enhancement of methanegenerating Archaea (a 9fold increase). Growth and dechlorination by axenic cultures of Dehalococcoides mccartyi strain 195 were similarly repressed under these conditions, confirming an inhibitory response of this pivotal genus to PFAA presence. These results suggest that chlorinated solvent bioattenuation rates could be impeded in subsurface environments near PFAA source zones.
Introduction
Poly and perfluoroalkyl substances (PFASs) are contaminants of emerging concern found throughout the environment. which complete PCE and TCE dechlorination has been observed. (20, 21) It is yet unknown how PFAAs may impact microbial communities relevant to chlorinated solvent bioremediation. Although biodegradation of PFAAs is not expected,(2) there are concerns regarding the potential adverse effects from PFAA exposure on subsurface microbial communities and cocontaminant degradability.
(1) Biodegradation of another commonly colocated contaminant, toluene, was not impacted in pure culture studies; however, the presence of PFAAs did correlate to increased formation of extracellular polysaccharides and enhanced transcription of stressrelated genes.(7)Consequently, unanticipated impacts on PFAA or chlorinated solvent fate and transport in groundwater sources are possible, ranging from effects on cocontaminant degradation and microbial processes to changes in sorptive properties of PFAAs as a result of biostimulation or bioaugmentation.
The objective of this study was to assess potential impacts of these nontraditional contaminants, PFAAs, on reductive dechlorination of TCE. This was accomplished by querying for suppression of reductive dechlorination activity by a Dehalococcoidescontaining methanogenic mixed community cultivated in the presence of varied concentrations of PFAAs. In parallel, we contrasted the community structure and putative functionality of these microcosms to understand ecological shifts and metabolic redundancy within this consortium that could be attributed to PFAA presence. Insights from the ecological profiles were then used to challenge an axenic culture of Dehalococcoides with PFAAs to understand the direct impact on this bacterial genus. Results revealed the suppression of Dehalococcoides growth and reductive dechlorination rates in both pure culture and mixed assemblages. 
Materials and Methods

PFAA Preparation and Aqueous Analysis
Purity corrected stock solutions of an 11analyte mixture were prepared as described elsewhere.(7, 14) PFAA salts (SigmaAldrich) were suspended in a 70/30 (v/v) methanol-water solution. Water used in this study was generated with a MilliQ system (Millipore). Unless otherwise specified, each mixture contained perfluorobutanoate, perfluoropentanoate, perfluorohexanoate, perfluoroheptanoate, PFOA, perfluorononanoate, perfluorodecanoate, perfluoroundecanoate, perfluorobutanesulfonate, perfluorohexanesulfonate, and PFOS. These compounds represent a range of carbon chain lengths and are commonly found at AFFFimpacted sites. (1, 11, 22) Empty culture bottles were spiked with the PFAA mixture while in an anaerobic chamber (90% nitrogen, 5% hydrogen, 5% carbon dioxide), and the methanol was evaporated as described elsewhere.(7)Final PFAA concentrations were verified using liquid chromatography-tandem mass spectroscopy with stableisotope surrogate standards (Wellington Laboratories). Aqueous samples were centrifuged to remove particulates, sampled, and diluted as appropriate. A SCIEX 3200 mass spectrometer (MDS Sciex) was utilized with MultiQuant for quantitation to verify PFAA recovery. (7 Batch systems containing TCE, lactate, and a PFAA mixture were designed to evaluate microbial degradation rates. ERD experiments contained triplicate sets of 22, 66, or 110 mg/L total PFAAs added to sterile 60 mL serum bottles as well as 0 mg/L controls spiked with nonPFAA containing 70/30 v/v methanol-water. These concentrations were chosen to reflect what may be observed near a PFAA source zone(3) (110 mg/L total at 10 mg/L each of 11 analytes) and to determine if there is a PFAA concentration threshold wherein biological effects are not observed. Following the PFAA addition and methanol evaporation described in the prior section, bottles were sealed with butyl rubber stoppers. Next, 48.5 mL of an autoclaved mineral salts medium(24) containing 20 mM lactate as electron donor and 100 μg/L vitamin B 12 was added to stoppered bottles with a sterile syringe.
During media addition, an exhaust needle was inserted into the stopper to avoid bottle pressurization, and low flow rates were used to minimize PFAA volatilization and flushing. After the media addition, the headspace was gently flushed with N 2 /CO 2 (90:10) to remove residual hydrogen and oxygen. Each bottle was then amended with approximately 20 μmoles of TCE (SigmaAldrich, 99.9%) and allowed to sit for at least 24 h to facilitate TCE and PFAA equilibration. At time zero, the bottles were inoculated with 3% (v/v) of the previously grown methanogenic mixed community stock culture and incubated in the dark at 34 °C for the duration of the experiment. All of the bottles were inverted several times at each sampling point to promote PFAA mixing. Abiotic controls devoid of microorganisms were prepared for the parallel pureculture experiment. After TCE dechlorination profiles were generated, the bottles were sampled for phylogenetic sequencing and verification of PFAA concentrations.
Dechlorination Measurements
Chloroethenes, ethene, and methane were measured by injecting 100 μL of culture headspace into an Agilent 7890A gas chromatograph equipped with a flame ionization detector and 30 m × 0.32 mm J & W capillary column (Agilent Technologies). Hydrogen concentrations were measured by injecting diluted headspace samples into a gas chromatograph fitted with a reductive gas detector (Trace Analytical). Between 50 and 300 μL of culture headspace was withdrawn for each hydrogen measurement and diluted in 17 mL glass vials purged with N 2 to generate concentrations within the linear calibration range of the instrument. The total volume of extracted headspace was tracked throughout the incubation to ensure that the same approximate volume was removed from all bottles (1.5 to 1.9 mL). Initial TCE dechlorination rates were determined by obtaining the slope of a time course regression through the linear portion of the degradation curve (days 1 through 4) after accounting for loss as a function of time generated from the abiotic control. Production rates for cDCE, VC, and ethene were also tabulated during the linear portion of the generation curve for each sample.
Phylogenetic Sequencing
Every sample containing the methanogenic mixed culture was extracted after dechlorination profiles were complete (∼8 days). DNA was extracted with the PowerSoil DNA Isolation Kit (MO BIO Laboratories, Inc.). Extracted DNA was quantified with a Qubit 2.0 Fluorometer and dsDNA HS Assay Kit (Life Technologies). Each sample was amplified using a TC412 Thermocycler (TECHNE) with 2 μL DNA template, 2 μL each forward and reverse primers at 10 μM each, 6.5 μL PCR grade water, and 12 μL Phusion 2× MasterMix (New England BioLabs, Inc.). Dualindexed primers (515F and 805R) target the V4 region of the 16s rRNA gene (Integrated DNA Technologies) and are described in the Supporting Information along with the amplification protocol. Select samples were run via gel electrophoresis to confirm that the amplicons were of a desired length (roughly 300 base pairs). Samples were purified and normalized with the SequalPrep Normalization Kit (Invitrogen) according to the manufacturer's protocol and pooled into a 2 mL RNase and DNasefree sterile microcentrifuge tube. Pooled samples were concentrated with ULtra.05 30K centrifugal filter devices (Amicon) according to the provided protocol. Pooled samples were quantified using the Qubit Fluorometer as described above and diluted and requantified if necessary to normalize concentrations. Half of the final pooled sample volume was archived at −80 °C, with the balance sent for MiSeq sequencing using the V2 250 Cycle PairedEnd kit at BioFrontiers Institute (Boulder, CO).
Sequence postprocessing was performed with MacQIIME version 1.9.0(25) with operational taxonomic unit (OTU) picking and chimera screening using Usearch61(26, 27) Functionality was assigned on the basis of the classlevel information for the nondechlorinating members of the consortium according to the comparative metagenomics study performed by Hug et al.(19) The methanogenic mixed culture used herein is similar to the ANAS culture maintained in Berkeley, California (described in Hug et al.) , (18, 19) which also uses lactate as an electron donor.
(18, 37) The functions discussed by Hug et al.(19) have been applied to the culture within this study.
Sequence data have been submitted to the National Center for Biotechnology Information Sequence
Read Archive database (BioProject PRJNA302232). Postprocessing scripts can be found in the Supporting Information. 
Results and Discussion
Effect of PFAAs on Reductive Dechlorination by a Mixed Culture
Batch microbial incubations across a range of PFAA concentrations revealed that TCE dechlorination was severely inhibited when the methanogenic mixed culture was grown in the presence of 110 mg/L PFAA ( Figure 1 ). This corresponded with reduced cDCE production as well as limited VC and ethene production. Inhibition effects on TCE dechlorination were also observed at 66 mg/L manifested by a decrease in dechlorination rates of TCE as compared to the case without PFAAs (p < 0.01), along with a decrease in cDCE, VC, and ethene production rates ( Table 1) .
Dechlorination of TCE, production and dechlorination of cDCE and VC, and production of ethene 
Effects of PFAA Exposure on Community Structure
To understand how the 11component PFAA mixture herein affected the dechlorination process, we explored relative abundance, community dynamics, and putative functionalities via nextgeneration sequencing. Phylogenetic sequencing of the methanogenic assemblage resulted in 17 total OTUs after filtering to 0.1% as described in the Methods and Materials section (Figure 2 ). This core microbiome was observed regardless of PFAA concentration; however, the relative abundance of select taxonomic units varied with increasing PFAA exposure. respectively. This correlation further supports that Dehalococcoides abundance is a driving factor for both differences in community structure and inhibition of TCE dechlorination upon PFAA exposure. axenically, the inhibitory effects of PFAAs on TCE dechlorination behavior were similar to those observed in the more complex methanogenic community ( Figure 5 ). The rates of production and dechlorination of each solvent with Dehalococcoides in pure culture further illustrate increasing degrees of inhibition with increasing PFAA content ( Table 2) . Pronounced inhibition was observed at 110 mg/L, with a significant reduction in TCE dechlorination rates for this concentration as compared to dechlorination rates devoid of PFAAs (p < 0.01) (Table 2, Figure 5 ). Correspondingly, minimal cDCE and VC production occurred with 110 mg/L. Ethene generation was not observed above the background from inoculation carryover in any of the treatments, which may be explained by the inefficiency of Dehalococcoides in pure culture,(24) coupled with TCE presence across these incubations. The dechlorination of TCE is more energetically favorable than that of VC; therefore, significant generation and subsequent dechlorination of VC is not expected to occur if TCE remains in the system.(46) TCE dechlorination rates with 66 mg/L PFAAs were also significantly inhibited when contrasted with systems without PFAAs (p < 0.01). A delayed rate of cDCE and VC production was observed at 66 mg/L, although rates of VC production were similar between 66 mg/L and the case without PFAAs. At 22 mg/L total PFAAs, the average TCE dechlorination rate was lower than the system lacking PFAAs, yet the inhibition of the rate was not statistically significant ( Figure 5 ).
Although the inverse correlation between
Correspondingly, both cDCE and VC production rates were slightly retarded at 22 mg/L, although the difference did not maintain statistical significance. 

Environmental Implications
Understanding reductive dechlorination in the presence of PFAAs is of environmental concern due to the common colocation of PFAAs and chlorinated solvents and the reliance on microbiological processes for chlorinated solvent attenuation. Concentrations up to 7 mg/L for PFOA in groundwater have been measured; a choice of 10 mg/L of each analyte as investigated here may be representative of a source zone or subsurface worstcase scenario,(3) especially considering the increases in environmental detection and measurement sensitivity of a variety of PFASs.
(11)Additionally, increased PFAA sorption in the presence of nonaqueous phase liquids (NAPLs) has been observed, particularly at higher PFAA concentrations. (14, 15) 
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